Thermal stresses in composite cylindrical lattices by McHale, Ciarán et al.
Composite Structures 266 (2021) 113747Contents lists available at ScienceDirect
Composite Structures
journal homepage: www.elsevier .com/locate /compstructThermal stresses in composite cylindrical latticeshttps://doi.org/10.1016/j.compstruct.2021.113747
Received 17 June 2020; Revised 11 February 2021; Accepted 14 February 2021
Available online 19 February 2021
0263-8223/© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
⇑ Corresponding author.
E-mail address: ciaran.mchale@ul.ie (C. McHale).Ciarán McHale ⇑, Sean Carey, Demetra A. Hadjiloizi, Paul M. Weaver
Bernal Institute, University of Limerick, Castletroy, Limerick City, Ireland





Experimental testingDeployable spacecraft technology should be both lightweight and compact for storage while also being rigid
and expansive once deployed. A new type of structure that can meet both of these requirements is the morph-
ing cylindrical lattice. This multi‐stable structure can morph from a compact stowed state, to a long and slender
deployed beam. It comprises narrow strips of carbon fibre composite material, making it particularly suitable
for deployable booms, solar arrays and antennae. While existing modelling techniques focus on predicting the
stability of lattices using symmetrical laminates, current work extends upon state‐of‐the‐art by including the
effects of thermal strains and curvatures that arise in non‐symmetrical laminates when cured at elevated tem-
peratures. As non‐symmetrical laminates cool during post‐cure, thermal stresses increasingly develop due to
the variation of in‐plane thermal expansion coefficient through the thickness. The model developed in this
work, includes thermal stress effects, allowing for the design of thermally actuating lattices. This model is ver-
ified through comparison with finite element analysis and experimental data, both of which show excellent
agreement.1. Introduction
Shape changing, or morphing, structures have attracted increasing
interest in recent years, showing potential to significantly improve per-
formance in many engineering sectors, especially those involving
transport industries where structures would benefit from a change in
shape in response to a change in air, or water, flow. These structures
are often manufactured from composite materials, such as carbon fibre
reinforced plastics (CFRP), making them lightweight, load bearing and
highly tailorable [1]. Morphing composite structures can be used in
deployable space structures as they allow for devices to be stowed in
a compact package for launch and subsequently deployed into large,
expansive configurations when required. Deployable structures that
utilise morphing components, such as deployable booms [2], solar
arrays [3] and antennae [4], are usually lightweight, multi‐
functional and highly adaptable. The Roll‐Out Solar Array (ROSA)
[5], developed by NASA, is a deployable solar array that utilises two
composite CTM (Collapsible Tubular Mast) booms. The CTM booms
are used to both deploy the structure from the stowed state and to
act as structural members once deployed to resist vibrations. These
booms morph from a compact rolled shape for storage, into long slen-
der beams, as shown in Fig. 1. Generally, morphing structures combine
material prestress, structural geometry and stiffness properties to
achieve multistability [6 7]. The work presented in this paper focuseson a different type of morphing composite structure, the multi‐stable
cylindrical lattice.
The composite cylindrical lattice is capable of changing its shape
from a compact state for storage to a long deployed state, Fig. 2
shows the morphing ability of the lattice. This structure comprises
clockwise and counter‐clockwise helical strips of CFRP, bound to a
cylindrical geometry with metal fasteners. These strips are pre-
stressed in two stages; first, they are cured on a curved mould of
a particular radius, then they are constrained to the smaller radius
of the lattice, thus placing the strips under bending stress. This pro-
cess allows strain energy to reach a balance between membrane,
bending and twisting contributions, thereby creating multi‐
stability, depending on different membrane to bending to twisting
energy balance ratios. The first analytical model for the lattice,
developed in [8], used longitudinal and twist curvatures in the lat-
tice strips to predict the stability landscape of the structure, but
ignoring effects of membrane energy. This model was then extended
upon in [9] to include transverse curvatures and membrane strains
in the lattice strips. This resulted in an analytical model that is able
to predict the stability landscape of all lattice configurations that
use symmetrical laminates in the strips. However, this model is
not suitable for lattices with non‐symmetrical laminates in the
strips, as it does not consider thermal strains and curvatures that
arise during post cure cool‐down.
Fig. 1. Roll-out Solar Array fully deployed on the International Space Station
[2].
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tional CFRP, as they have different thermal expansion coefficients in
the fibre (longitudinal) and matrix (transverse) directions. Therefore,
in a composite laminate of different laminae orientations, the in‐
plane thermal expansion coefficient varies through the thickness of
the laminate. Prepreg thermoset composite laminates are mostly cured
at an elevated temperature and pressure, resulting in thermal strains
and curvatures developing due to the variance in thermal expansion
coefficients when cooling down post‐cure [10]. In laminates with a
symmetrical lay‐up, only in‐plane thermal strains develop. In a struc-
ture, such as the morphing lattice, thermal strains only lead to a static
increase in strain energy, not affecting the stable shapes of the struc-
ture. In contrast, laminates with non‐symmetrical lay‐ups develop both
thermal strains and curvatures. Thermal curvatures are generated by
an imbalance in the in‐plane thermal expansion coefficient above
and below the neutral axis. In the morphing lattice, thermal curvatures
can have a large effect on the stability landscape of the structure.
The aim of this work is to advance state‐of‐the‐art modelling of the
lattice by including the effects of thermal strains and curvatures that
occur during cool‐down after curing. Related work, undertaken at a
similar time to current work [11] also included thermal effects in
the analytical model previously developed in [8] for a morphing lat-
tice. However, this work developed in [11] excludes the effects of
transverse curvature and membrane strains that are observed in lattice
strips, which results in discrepancies between their analytical solu-
tions, finite element model and experimental data. Including the com-
bined effects of thermal stress, transverse curvature and membrane
strains helps facilitate future application of general lattice strip config-
urations. The model developed in this work, building upon provisional
analysis [12], shows that the thermal stresses are capable of signifi-
cantly affecting the stability characteristics of the lattice. This model
is validated through comparison with both finite element (FE) and
experimental models. Additionally, the developed model was used to
design a lattice that changes shape and deploys over large lengthFig. 2. The lattice can change its geometry from a stowed s
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scales, under a change of temperature. This lattice uses non‐
symmetrical laminates in the strips so that it can be in the stowed state
at room temperature and in the deployed state at 120 °C. This type of
lattice has the potential to be used in many lightweight applications in
the space sector as it can self‐deploy under solar radiation.
This paper is structured as follows. In Section 2, the comprehensive
analytical model of the lattice is developed, which includes thermal
strains and curvatures. Section 3 describes the FE model of the lattice
and how it is utilised for designing experimental test cases. The man-
ufacture and testing of two lattice configurations is described in Sec-
tion 4. Section 5 details the results and discussion of the analytical,
FE and experimental models. Finally, Section 6 provides conclusions
and offers possible future directions for research.
2. Analytical analysis
Consider a morphing cylindrical lattice comprising n helices
divided into clockwise and counter‐clockwise strips of CFRP, that are
subject to a temperature change, ΔT. As the strips cool‐down from cur-
ing to room temperature, thermal strains generate in each lamina. This
work focuses on advancing state‐of‐the‐art analytical models by
including potential thermal effects in the calculation of the strain
energy of the structure and evaluating their utility for potential ther-
mal actuation applications.
Simply using Hooke’s law, modified to include the thermal expan-
sion effect for each composite layer gives [13]
σij ¼ Qij ɛoij þ zΔκij  aijΔT
 
ð1Þ
where σij represents stress, Qij is the reduced stiffness matrix, ɑij is the
thermal expansion coefficient of the lamina, ΔT is the change in tem-
perature, z is the position through the thickness of the laminate and
the mid‐plane strains and curvatures are represented by ε° and Δκ,
respectively,
By integrating Eq. (1) over the thickness of the strips, the general
















where the in‐plane stress and bending moment resultants are repre-
sented by N and M, the extensional elastic matrix by A, the coupling
matrix by B, the bending matrix by D and the thermal residual forces
and moments by N t and M t respectively.



















The membrane strains and curvatures of the lattice strips are calcu-
lated using expressions developed in previous work [9], astate (0) to a fully deployed state (1) and vice versa [9].
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α11Nx þ β11Δκx þ β12Δκy þ β13Δκxy  ɛtx
α12Nx þ β21Δκx þ β22Δκy þ β23Δκxy  ɛty





where the radius and helix angle of the lattice are represented by R and
θ, the manufacturing radius and helix angle by Ri and θi, the thermally
developed curvatures by κt, the induced transverse curvature by Δκyi , the
normal force for the induced transverse curvature by Nx and the ther-
mally developed strains by ɛt.
The semi‐inverse elastic matrix, α, and the semi‐inversed coupling
matrix, β, are given by
α ¼ A1; β ¼ A1B ð6Þ
By applying Clapeyron’s Theorem [14], the total potential energy






















where the surface area of the strips is represented by S.
Eq. (7) can be rewritten as a summation of the energy contributions
Π ¼ Πb þ Πs þ Πbs þ Πt ð8Þ
where the membrane energy is represented by Пs, the coupling energy
by Пbs, the bending energy by Пb and the energy from the thermal
residual stresses by Пt.




















The energy contribution of the membrane, coupling and bending
modes is calculated using the method found in [9].3. Finite element analysis
Two different lattice configurations are analysed, one with unsym-
metrical strips in the lattice and one with anti‐symmetric strips. Table 1
contains the design details of both lattices. To model the lattice strips,
Abaqus/CAE [15] was used. To reduce computational run‐time, both
lattices were modelled as a single strip by using appropriate boundary
conditions (BC) to simulate the effect of lattice fasteners. This method
was verified in [9] to accurately simulate the behaviour of the lattice.
Two different CFRP materials were used in each lattice, HTA6376 and
IM78552 prepreg. Table 2 details the thermoelastic material proper-
ties of these two composite materials, using usual notation [13]. To
simulate the strips, four‐noded square shell elements (S4R) of length
1 mm were used, noting this size was chosen after a mesh convergence
study was performed to provide strain energy results to within a 0.1%
tolerance. In each step, a Newton‐Raphson nonlinear solution process
was used.
First, the strips were modelled in their manufactured shape as shell
extrusions. A 400 mm radius was imposed on the unsymmetrical strip3
and a 150 mm radius on the anti‐symmetrical strip, Fig. 3(a). Next, the
cool‐down process, after curing at an elevated temperature, was simu-
lated. This was achieved by applying a predefined temperature field,
i.e. the initial temperature to 180 °C, to the strips, which represents
the curing temperature of both materials. To prevent the strips from
deforming during cool‐down, an encastre BC was applied to a
centre‐line along the length of the strips. To simulate the post cure
cool‐down of the strips, the temperature field was changed to uni-
formly decrease from 180 °C to room temperature, 20 °C. As the strips
are held in position and restrained during cooling, thermal stresses
develop.
After thermal loading is applied to the strips, they were pre‐stressed
by coiling them into the smaller radius of the lattice. First, the BCs of
the previous steps were released and then a new BC that prevents
translation in the z‐axis and also rotation about the x‐ and y‐axis was
applied. Next, a BC was used to translate the midpoint of the strip from
its manufactured position to the lattice position as indicated by the red
arrow in Fig. 3(a). The strips were then coiled into the smaller radius
of the lattice using two BCs at both ends of the strips, represented by
the rotation symbols in Fig. 3(a). These BCs applied a z‐wise rotation
to the strip ends, so producing a uniform prestress to the strip shown
by Fig. 3(b). In the next step, BCs were used to simulate the strips as
part of a full lattice. These BCs simulate the fasteners on the lattice
by preventing rotation about the z‐axis and either x‐ or y‐axis displace-
ments, depending on their location on the strips. The locations of the
fastener BCs are represented by the blue squares and green triangles in
Fig. 3(b) and (c). Finally, to attain the stability landscape of the lattice,
the strips are morphed from the stowed to the deployed shape. To
achieve this response, one end of the strip was fixed at zero displace-
ment in the z‐axis as shown by the red square in Fig. 3(d) and the
opposite end was given a displacement of approximately 90% of the
strip. A nominal displacement BC was applied to the midpoint of the
lattice strip to aid in guiding the deployment of the lattice red arrow
in Fig. 3(d). In this step, a damping factor of magnitude 2 × 10−6
was used to numerically stabilise the analysis. The strains, curvatures
and strain energy of the central section of the strip were extracted dur-
ing post‐processing. A central section was used to avoid localised
results arising from edge effects.4. Experimentation
4.1. Manufacture
Two types of experiments were performed on the lattices, a deploy-
ment force test and a thermal response test. These experiments are
used to validate to accuracy of the analytical model that was devel-
oped. For these experiments, two lattices were manufactured, one with
anti‐symmetrical strips and one with unsymmetrical strips, Table 1.
The materials used in these lattices are thermosetting CFRP prepreg,
necessitating cure in an autoclave at 180 °C and 7‐bars of pressure.
First, the composite laminae were cut to the required ply orientations
on an automated ply cutter. The composite panels were laid on two
curved moulds, 150 mm and 400 mm in radius, to impart the required
manufactured shape. The composite laminates were then vacuum
bagged and cured in an autoclave. After curing, the panels cool down
to room temperature and significant thermal strains and curvatures
develop due to the variance in the in‐plane thermal expansion coeffi-
cient in the thickness direction.
On removal from the mould, the panel with an unsymmetrical lay‐
up displayed a bistable response, switching between a large curvature
in the longitudinal direction, Fig. 4(a), to a large curvature in the
transverse direction, Fig. 4(b). The bistable response of this panel
was created by initial double curvature generated by the through‐
thickness variance in thermoelastic properties. The thermal transverse
curvature is generated by the 0° layers contracting in the transverse
Table 1
Details of the examined lattice configurations.
Lattice Configuration Composite Material Laminate Lay-up (°) Manufactured Radius (mm) Strip Length (mm) Strip Width (mm) No. of Revolutions for Each Strip
Config. A HTA6376 [45/90/−45] 150 650 10 1.5
Config. B IM78552 [90/0/0] 400 650 12 2
Table 2
Thermoelastic material properties of the two pre-preg composite materials.
Composite Material E11 (GPa) E22 (GPa) G12 (GPa) ν12 a11 (K−1) a22 (K−1) Ply thickness (mm)
HTA6376 [14] 135.6 10.1 5.9 0.29 −1.3e-8 2.86e-5 0.105
IM78552 [16] 161 11.4 5.2 0.32 −0.1e-6 31e-6 0.11
Fig. 3. Post cool-down, the lattice strip coils into a smaller circle (a). The strip
is in the stowed configuration with the fastener BCs applied (b). The strip is in
a semi-deployed state (c). The strip is in the deployed state (d). Blue squares
represent BCs locked in y- and z- rotations and green triangles represent BCs
locked in x- and z- rotations. Red arrows represent the displacements used to
deploy the strip and the red square represents the location of the zero
displacement BC.
Fig. 4. Unsymmetrical composite panel with two stable shapes. Stable shape 1
has a large longitudinal curvature (a) and stable shape 2 has a large transverse
curvature (b).
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direction during cool down, while the 90° layer resists the contraction.
Similarly, the thermal longitudinal curvature is generated by the 90°
layer contracting in the longitudinal direction, while the 0° layers
resist the contraction.
The panel with the anti‐symmetrical lay‐up exhibited a different
thermal response to the unsymmetrical panel. On removal from the
mould, this panel had only one stable shape which exhibited a large
thermal twist. Next, the strips were accurately cut into narrow strips
using a waterjet cutter at low pressure. Due to the increased length‐
to‐width ratio of the strips, the bistable response of the unsymmetrical
laminates disappeared. In contrast, the anti‐symmetrical strips
retained the thermally induced twist after cutting, Fig. 5. To accurately
space holes for the lattice fasteners, a drilling jig was used. With all the
strips cut and drilled, 2 mm bolts were used to assemble the strips into
two separate helical lattices.
4.2. Deployment testing
In previous work [9], an experimental mount was designed and
manufactured to test the deployment/retraction force of morphing lat-
tices in a universal testing load machine (Tinius Olsen H25KS). How-
ever, this mount generated noise in the force output, as significant
friction occurred in the sliders. In this work, the experimental mount
is enhanced by replacing the dry sliders with lubricated linear bear-
ings. This mount features four bearings in total, two on top of the lat-
tice and two at the bottom, Fig. 6. These bearings allow the lattices to
freely change their radii as they deploy and retract. In testing, the lat-
tices were first extended from the stowed configuration to the
deployed state and then the tester was reversed, morphing them back
to the stowed state. This allows a loading and unloading curve of the
force/deployment response to be determined that can be used to iden-
tify any slacks in the experimental mount. The experiment was
repeated six times on each of the lattices to verify the results obtained.
A testing speed of 250 mm/min was used while the reaction force of
the lattice was recorded by the load cell. This testing speed was
selected after different speeds were trialled and it was found to have
a negligible effect on the force output.Fig. 5. Anti-symmetrical strips displaying significant thermal warping.
Fig. 6. Lattice with anti-symmetrical laminate strips during deployment
testing.
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The second experiment performed involved a thermal response
test. This experiment was only performed on the unsymmetrical
lattice, as only this structure was designed to change its stability prop-
erties with a change in temperature. At room temperature, 20 °C, this
lattice is only stable in the stowed state, however at 120 °C the stability
position of the lattice changes to the deployed state. This temperature
was used as it is the maximum operational temperature of the IM7
8552 prepreg used in the strips [16]. This unique thermal response
was achieved by tailoring the lattice at both 20 °C and 120 °C. At ele-
vated temperatures, the thermal strains and curvatures in the lattice
strips decrease, allowing the geometrical prestress to have a greater
influence on the stability landscape of the lattice. To ensure the lattice
is deployed when heated, a large manufacturing radius and 0° layers
were used in the strips. Previous work [9] demonstrated that these
two considerations when combined generally result in a lattice that
is stable in the deployed state, when thermal effects are ignored. To
have the lattice in the stowed state at room temperature, a composite
lay‐up that generated a large degree of thermal longitudinal curvature
was required to negate the large manufacturing pre‐curvature. As men-
tioned in Section 4.1, the unsymmetrical lay‐up of [90/0/0] created
significant thermal longitudinal curvature, as the 90° layer on the bot-
tom contracts after curing, while the 0° layers on top remains relatively
undeformed in the strip direction. Testing the thermal response of the
lattice was achieved by placing the unsymmetrical lattice in a labora-
tory oven (Memmert UN55 Universal Oven) at 120 °C. Before testing,
the lattice was at room temperature and stable in the stowed state,
Fig. 7(a). After soaking at 120 °C for 5 min, to ensure uniform temper-
ature throughout, the oven door was opened. It was noted that the lat-
tice had self‐deployed into the extended state, as shown in Fig. 7(b).5
The deployment length of the lattice at this temperature was measured
and the structure was allowed to cool. As the lattice cooled, the ther-
mal stresses redeveloped in the strips, making it morph back to the
stowed state.5. Results and discussion
To demonstrate the effect of thermal strains and curvatures on lat-
tices with non‐symmetrical laminated strips, the force/deployment
response and stability landscapes of the two lattices is discussed with
reference to Figs. 8–11. The lattice strain energy as it deploys, with
and without thermal effects, is shown in Figs. 8 and 10. The reaction
force of the lattices is calculated from these strain energies, which is
then validated by comparison with the results of the FE model and
experimental data. Each of the lattices is affected by the thermal stres-
ses in a unique manner. In the anti‐symmetrical lattice, the thermal
warping of the strips amplifies the retraction force and in the unsym-
metrical lattice, the stability position of the structure changes. Figs. 9
and 11 show the force/deployment response of the two lattices and
their stable positions. Additionally, the force/deployment response
of the unsymmetrical lattice at 120 °C is shown in Fig. 11.
5.1. Configuration A – anti-symmetrical lattice
In Fig. 8, the strain energies of the anti‐symmetrical lattice gener-
ated by the analytical model are shown. Herein, the term mechanical
strain energy is used to describe energy generated by the manufac-
tured prestress, stiffness properties and geometry of the lattice strips.
Whilst the descriptor, thermal strain energy represents mechanical
energy produced by the thermal strains and curvatures that develop
in post cure cool‐down. Their sum represents the total strain energy
of the lattice. In this lattice, the mechanical strain energy is relatively
small in the stowed state, reflecting the small manufacturing prestress
used during the curing process. As the structure morphs into the
extended state, the mechanical strain energy increases monotonically.
The thermal strain energy is considerably greater than the mechanical
energy in the stowed configuration. This is a result of the large thermal
warping induced by the non‐symmetric lay‐up. Like the mechanical
strain energy, the thermal strain energy increases steadily as the lattice
morphs. This energy has a greater rate of increase with deployment
than the mechanical energy alone, resulting in greater actuation force
in the lattice.
As mentioned in Section 4.2, the loading and unloading force/de-
ployment response was recorded during testing. This data highlights
any slack movement in the experimental mount, so that they can be
discounted in the force/deployment response. The unloading response
of six experimental tests is included in Fig. 9. The force/deployment
response produced by the FE and analytical models, with and without
thermal effects is also included. The newly developed analytical
model, FE model and experimental data all show good agreement as
they all have similar responses as the lattice changes shape. The ana-
lytical model without the thermal components, in green, predicts that
the lattice produces approximately 1 N less force than the other (more
accurate) models. Therefore, the thermal stresses in this lattice gener-
ate a constant 1 N of retraction force. In the stowed shape, both the
new analytical and FE models produce 1 N of force, point (A), whereas
the prior state‐of‐the‐art analytical model generates zero force in the
stowed configuration, point (B). The experimental data ends at point
(C), corresponding to a deployed length of 65 mm, as this represents
the stowed height of the lattice. In the extended state, the experimen-
tal force is much greater than the predicted values of the other models
because the lattice extends beyond its physical deployment limit,
being stretched instead of bending and twisting. As the lattice retracts,
the force decreases to better match the other models. Some frictional
noise is present in the experimental curves due to the lattice changing





















































(A)   
(B) (C)  
Fig. 9. Force/Displacement response for anti-symmetrical lattice. Points A, B





















































(A)                            (C) (B)
Fig. 11. Force/Displacement response for unsymmetrical lattice. Points A, B
and C indicate stable shapes.
C. McHale et al. Composite Structures 266 (2021) 113747its radius as it retracts. As the lattice approaches the stowed state, the
experimental force starts to decrease rapidly, approaching zero in the
stowed shape. Due to inertial effects, the lattice does not morph uni-6
formly, resulting in parts of the lattice reaching the stowed state, clos-
ing prematurely. This effect reduces the retraction force of the lattice,
as effectively less of the lattice is engaged in changing shape.
5.2. Configuration B – Unsymmetrical lattice
Fig. 10 displays the strain energies of the unsymmetrical lattice,
produced by the developed analytical model. This lattice was tailored
to be strongly influenced by the thermal stress components. This effect
is evident from the significant difference between the mechanical
strain energy and the total strain energy. As a large manufacturing
pre‐curvature was used in this lattice, the mechanical energy is in a rel-
atively high energy state in the stowed configuration. The strain
energy decreases as the lattice morphs into the extended shape, reflect-
ing the fact that the lattice strips tend towards their manufactured
(stress‐free) shapes. The mechanical energy profile predicts that the
lattice is stable in the deployed configuration. Similar to the anti‐
symmetrical lattice, the thermal strain energy is significantly larger
than the mechanical strain energy. As the lattice morphs into the
extended state, this energy increases. The total energy of this lattice
constitutes both thermal and mechanical strain energy contributions.
As the positive gradient of the thermal energy is larger than the nega-
tive gradient of the mechanical‐only energy, the total strain energy of
this lattice adopts a positive gradient on deployment. This makes the
lattice stable in the stowed state, contrasting with the mechanical‐
only energy model which predicts stability in the deployed state. This
example shows the importance of including thermal energy effects in
the deployment of lattices constructed from unsymmetrical strips.
Fig. 11 shows the analytical, FE and experimental force/deploy-
ment response of the lattice with unsymmetrical laminates. Similar
to Fig. 10, the unloading portion of the experimental data is used as
Fig. 12. Stable position of unsymmetrical lattice at 120 °C.
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thermal analytical, FE models and experimental data show excellent
correlation as they all predict the lattice to be stable at point (A)
and have a similar positive slope with respect to deployment, as the
lattice extends. The force/deployment behaviour of the mechanical‐
only energy model highlights the effect of thermal stresses on the lat-
tice. This model predicts that the lattice is stable in the deployed con-
figuration, point (B). This result demonstrates that the presence of
thermal stresses has the potential to radically alter the stability land-
scape of the lattice. Similar to the anti‐symmetrical lattice, there is fric-
tional noise in the experimental model, notably in the proximity of the
stowed state, due to the presence of sliders on the mount. There is also
a sudden increase in force at the end of deployment caused by the lat-
tice reaching its morphing (due to bending and twisting) limit and rel-
atively stiff, stretching effects increase. The orange force/deployment
curve in Fig. 11, represents the unsymmetrical lattice at 120 °C, pro-
duced by the thermal analytical model. This response is compared
with the stable position of the lattice after heating in the oven. The
stable position was measured to be approximately 320 mm, Fig. 12,
as obtained from the position where the force/deployment curve of
this lattice crosses the x‐axis, point (C). This comparison validates
the analytical model developed in this work and therefore, thermally
actuating lattices have been shown to offer promise in numerous
shape‐changing applications.
6. Conclusion
The thermal strains and curvatures that develop from curing pro-
cesses at elevated temperatures have been shown to have potential
to be harnessed for significantly altering the stability landscape of
morphing cylindrical lattices. The thermal strain energy has been
shown to increase the potential actuation force of our helical lattices,
as well as influence their stable positions. The mathematical model
that has been developed was verified through comparison with FE
modelling and experimental testing, both of which showed excellent
correlation. Using this model, one of the analysed lattices was tailored
to change its shape as a function of temperature. This was achieved by
manipulating the manufacturing parameters to enable the lattice to be
stable in the stowed state at room temperature and also stable in the
deployed state at an elevated temperature. This thermally‐induced bis-
table response was tested by placing the lattice in an oven at 120 °C7
and observing the following shape change. The structure was then
removed from the oven where it reverted back to the stowed state.
With the analytical model developed in this work, cylindrical lattices
that contract upon heating and deploy when cooled become a distinct
possibility. This work allows for the accurate strain energy prediction
of all lattice configurations, regardless of laminate stacking sequence,
prestress and lattice geometry. It is noted that thermally actuating
cylindrical lattices have the potential to be used in deployable space
structures, such as booms and solar arrays. These structures could
deploy and retract in response to the thermal cycles experienced by
orbiting satellites with minimal reliance on motors and mechanisms.
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